S.1. Rationale for modifying guanine parameters to allow a non-planar amino group
Quantum mechanical (QM) calculations on isolated guanine reveal partial sp 3 hybridization of the amino group nitrogen atom and weakening of the C=N double bond with concomitant development of a lone electron pair above the amino group nitrogen atom. 1 Due to this, the sum of the three valence angles around the amino group nitrogen drops below 360° which necessarily means that the overall architecture of the amino group becomes pyramidal with the hydrogens deviating from the plane of the aromatic ring in one direction. For isolated guanine there are two symmetrical pyramidal substates with the purely planar arrangement representing the transition state. The amino group pyramidalization is well-known for aniline but occurs, to variable extent, in all amino groups attached to aromatic rings. 2 It has been verified by spectroscopic measurements. 3 When the guanine amino group participates in planar hydrogen bonds, its electronic structure changes to sp 2 and becomes planar. Therefore, canonical GC base pairs are intrinsically planar. However, when the amino group is not involved in planar H-bonds, its intrinsic non-planarity can play a role. In such cases, the hydrogens can be either involved in out-of-plane interactions or the lone pair region above the nitrogen can serve as a weak H-bond acceptor. This happens in imino GA base pairs (but not in sheared GA base pairs where the amino group is involved in conventional H-bonds).
QM calculations show that to optimize local interactions at the minor groove side of an isolated imino GA pair, the bases adopt a propeller-twisted structure with rotational axis roughly coinciding with its major groove standard H-bond. 4, 5 There are three base -base contacts in the GA base pair. Two standard H-bonds and the contact between the guanine amino group and the C2-H2 group of adenine, which is localized on the minor groove edge of the base pair. The two standard H-bonds prefer the coplanar arrangement of bases because this minimizes the perturbation of the two standard H-bonds. On the other hand, the inter-hydrogen repulsion between the guanine amino group and the C2-H2 group of adenine can be reduced by propeller twisting of the base pair. Optimal balance of these two requirements is achieved by having the rotation axis for the propeller twist on the major groove side of the base pair. The C2-H2 group of adenine points above the guanine amino group nitrogen, where the electron lone pair resides. Thus, a weak amino-acceptor interaction between the C2-H2 group of adenine and the lone pair above the amino group of guanine is possible. 4, 5 Furthermore, the out-of-plane hydrogen of the amino group of guanine is available to establish an out-of-plane H-bond, if a suitable partner is nearby. 4 The energy gain associated with adopting a non-planar rather than a planar structure is ~1.5 kcal/mol for isolated base pair in gas phase, which is ~10% of the total stability of this base pair. 6 Crystal structures with imino GA base pairs show highly propeller-twisted geometries identical to the intrinsically preferred geometry. 5, 7, 8 The crystal structures further show that in many cases the guanine amino group nitrogen is in close cross-strand contact with the O2 carbonyl group of either uracil (thymine) or cytosine of the preceding canonical base pair. In effect, there is an out-of-plane electrostatic H-bond between the non-planar amino group and the carbonyl group. This interaction is lost upon reversing the polarity of either the GA (GA AG) base pair or of the adjacent canonical pair (AU UA or GC CG substitution). Bioinformatics analysis has revealed that the out of plane H-bond affects the structure and stability of large functional RNAs. Formation of the out-of-plane contact (identified in available ribosomal X-ray structures) correlates with the lack of -G…A-to -A…G-sequence covariation in equivalent positions in aligned ribosomal sequences of other species. In those positions when the guanine amino group is not involved in any interaction in the X-ray structure, the -G…A-sequences alternate with -A…G-ones, which is not surprising as imino GA and AG base pairs are isosteric. 5 As explained above, the amino group of guanine in imino GA base pairs substantially deviates from sp 2 hybridization. Thus, for this single amino group, we modified the force field to provide a crude model of the partial sp 3 hybridization effects. This modification of amino group parameters is not intended to be a general modification of the force field and should not be used for those guanines that are involved in other types of base pairs. The electronic structure of amino groups of "real" guanine is highly sensitive to its environment. Standard force fields do not allow modeling of flexible switches between sp 2 and partially sp 3 amino groups and the amino groups are typically fixed to be intrinsically purely planar, i.e., sp 2 . Capturing the true properties of the amino groups would require a force field with constantly updated parameters based on the instantaneous interactions the amino group is involved in.
This task is not achievable with the presently available force field formalism. Guanine residue with non-planar amino group was prepared from the standard guanine residue (DG or RG) by changing the atom type of amino group hydrogens from H to HY. Atom types of other atoms remain unchanged. Charges can remain the same as in the original force field. The modified force field is defined according to Table S1 .
General considerations.
The main purpose of this force field modification is to allow the amino group of guanine to adopt non-planar geometry in a GA base pair, especially in the cis-WC GA (imino) arrangement, mimicking its genuine partial sp 3 amino group hybridization. The amino group pyramidalization is primarily represented by reduction of the sum of the valence angles around the nitrogen below 360°. 1,10 So, any force field modification should primarily include changes of the valence angle parameters further supplemented by torsional profile modifications. The amino group hydrogen dihedral angles, however, should not be primarily targeted by the parameterization as they do not reflect the physics of pyramidalizaton. Quantum chemical calculations show that the sum of the three valence bond angles of the amino group of isolated guanine is ~340º while the inversion barrier, i.e., the electronic energy difference between the planar and non-planar structure is ~1.1 kcal/mol.
1 Why the force field should not be fitted to the gas phase quantum chemical data and what are the requirements for the parameters? Naively, one should fit a force field to reproduce target gas phase quantum chemical data. However, in reality this approach is not justified for nucleic acids force fields and would lead to an unrealistic overestimation of the pyramidalization effects. In real systems, the amino group continuously adapts its electronic structure depending on the type of interactions it experiences. Full inclusion of the delicate sp 2 -sp 3 electronic structure flexibility is not possible as it would require a sophisticated force field with parameters continuously updated based on the environment of the amino groups. However, the present simple force field form requires a fixed intrinsic propensity of the amino group to be non-planar or planar. Therefore, tight fitting to reproduce the ab initio target data is not applied. Force fields with a fixed intrinsic preference for non-planarity may suffer from unbalances, e.g. exaggeration of the hydrogen flexibility or back and forth oscillations between two excessively rigid symmetrical non-planar minima. Both effects might, for example, destabilize canonical base pairs. The present force field modification is therefore primarily created to improve description of the intrinsically non-planar GA base pairs and is not designed to be used for other guanines in simulated structures. Thus we recommend using the force field exclusively for guanines of GA base pairs while standard parameters should be used for other amino groups.
Because exact parameterization of the amino group is not possible, there is no clear target value for the respective force field adjustment, and only qualified estimates (compromises) can be made based on the purpose of the computation. The purpose of the modification is to allow the amino group to adopt non-planar geometry in those situations when it is likely that non-planar geometry facilitates stabilizing out-of-plane interactions. 1,4,5,11-13 From the biochemical point of view, rather than target one particular non-planar geometry of the amino group, it is much more important to give the amino group enough flexibility, so that its hydrogens can follow out-of-plane positions of H-bond acceptors. As evident from QM studies, 14 for nucleic acid structure the primary importance of the amino group intrinsic nonplanarity is that the amino group hydrogens can easily adopt non-planar geometries, i.e. have structural flexibility.
The above considerations indicate that the target degree of the force field amino group non-planarity must be smaller than the gas phase value predicted by QM calculations for isolated guanine. Especially the inversion barrier for the pyramidalization must be much smaller to avoid enforcing the gas phase non-planarity irrespective of the environment.
Amino group parameters for the guanines involved in GA base pairs. A new atom type, HY, was defined for hydrogens in the amino group. Target force field values of valence angles around the N2 nitrogen were reduced from 120° to 116° to support non-planarity. The basic philosophy was to mimic the partial pyramidalization and to be able to properly switch between the non-planar geometry (when they participate in the non-planar GA pair) and almost planar geometry. As noted above, it is more important to give the amino group enough flexibility (to reach out of plane H-bonds) than to try to reproduce tightly the gas phase quantum chemical data. kcal/mol.rad 2 for X-CA-N2-X). The improper torsion applied to the amino group was entirely removed, as it would block the out of plane deviations of the hydrogens.
This force field modification gives an energy difference (inversion barrier) of 0.27 kcal/mol between optimized planar geometry of isolated guanine (optimization in vacuum, start from the planar geometry, calculated in Sander module of AMBER) and optimized non-planar geometry (start from the non-planar coordinates). This is ~25% of the inversion barrier of guanine in the gas phase predicted by QM calculations (see above). As explained above, we intentionally underestimate the gas phase value of the guanine inversion barrier predicted by quantum chemistry calculations. 1 The sum of amino group valence angles drops to 345°, which is modestly less pyramidal than the gas phase optimum QM value of 340°. Thus, the amino group is flexible enough but not rigidly non-planar. The force field was selected as a reasonable compromise after a careful analysis of multiple modifications, but the amino group pyramidalization effects are probably underestimated.
When preparing these parameters, we tested ~40 combinations of modified parameters using optimizations of guanine and GC and GA base pairs. The amino group valence angle target values were considered in the range of 113-118°, the valence angle force constant in the range of 17.5-70 kcal/mol.rad 2 , with the ultimately targeted (meaningful) range 25-35 kcal/mol.rad 2 , the dihedral torsion force constants in the range 3.5-10.0 kcal/mol.rad 2 , with the meaningful range identified as 7.0-9.5 kcal/mol.rad 2 . The improper dihedral was switched off in most cases, or substantially weakened.
We also performed simulation tests for the B-DNA DAPI complex 12 where the DAPI amidinium group binds to a GC base pair, mismatch self-
where the amino group of the underlined G is assumed to be non-planar because the two tandem imino GA base pairs are involved in out-of-plane H-bonds 8 and the standard B-DNA duplex, d(CGCGAATTCGC) 2 . These tests (not shown) confirmed that the non-planar amino group improves the DAPI binding in the crystallographically observed mode with close contact between the DAPI amidinium group and guanine amino group 15 and also improves the geometry of the decamer's GA base pairs, similarly to the RNA imino GA base pairs reported in the main text of this paper. On the other hand, the modified amino group, when used for GC Watson-Crick base pairs, increased the likelihood of fraying of terminal base pairs, while knocking off the improper dihedral caused infrequent amino group rotations (one event per ~5 ns long simulation). This behavior was entirely expected, as explained in the paragraphs above and confirms that the force field should be used for the GA base pairs but not for the GC Watson-Crick pairs.
S.3. Modified force field parameters for isoguanosine, isocytidine, and dummy atoms:
Residues that are transformed from C → iC, iC → C, G → iG, and iG → G have dummy atoms to allow these alchemical transformations ( Figure S1 ). The missing parameters are taken from the amber99 parameter set by analogy. Table S2 shows the parameters used to describe the missing parameters for isoguanosine, isocytidine, and dummy atoms. The last column in Table S2 shows the parameters taken from amber99 that are used for the parameters defined in the first column. Residue library, modified force fields, and structures used in the calculations can be found at http://rna.chem.rochester.edu/ga_imino_sheared.
S.4 Consideration of parmbsc0 force field:
We did not test a recent revision of the AMBER nucleic acid force field, parmbsc0. Compared to parm99, the parmbsc0 force field has substantially modified parameterization of the torsional profiles for the α and γ backbone torsions. 16 This change was evoked by major problems in longer (>10 ns)
simulations of B-DNA with the earlier variants of the AMBER force field, which resulted in accumulation of irreversible α/γ backbone substates with the γ torsional angle (around the C4'-C5' bond) in trans. These substates cause severe structural deformations in simulated B-DNA which can be considered as entire degradation of the B-DNA structure. In other words, the canonical B-DNA double helix is not predicted as global minimum by the parm99 force field. Parmbsc0 successfully stabilizes the DNA simulations. The situation with RNA is different and both force fields appear to have similar and satisfactory performance for RNA. In contrast to B-DNA the pathological trans-γ substates do not accumulate in RNA simulations with the 99 version of the force field. There are short-living trans-γ substates occurring in A-RNA simulations which do not accumulate and have equilibrium population of ~10%. As discussed elsewhere, it appears to be in agreement with occurrence of similar secondary A-RNA backbone conformation in A-RNA X-ray structures. 17 Likewise, simulations for an RNA internal loop (the Sarcin-Ricin loop), where high-resolution X-ray data is available, show stable trajectories with parm99 with no pathological backbone substates. 18 Consistent with this, test simulations performed during the development of the parmbsc0 force field do not indicate any large difference between the parm99 and parmbsc0 force fields for RNA molecules. 16 Both force fields can be recommended for RNA. Specifically for an internal loop studied in the present paper, which is an A-RNA duplex with two simple non-Watson-Crick base pairs, no substantial differences between these two force fields which could change the results are expected.
S.5. Convergence of the systems:
Figures S3 to S11 show the convergence of ∆Gº of the simulations reported in this paper. Tables S10   and S11 show ∆Gº 2 and ∆Gº 3 values at times t and t/2. The results show that ∆Gº values for individual simulations are well converged.
S.6. Energy Decomposition -Method 1:
The free energy of any transformation can be written as eq S1, where ∆Gº bond , ∆Gº angle , and ∆Gº dihedral are the free energy contributions of the bonded interactions, and ∆Gº es and ∆Gº vdw are the free energy contributions of electrostatic and van der Waals interactions, respectively.
Thermodynamic cycles of the restrained transformations with positional restraints were analyzed.
Trajectory files of the restrained λ simulation with positional restraints were used in order to get the individual contributions. The first 250 ps of the simulations were omitted, and the rest were used in the analysis. There were 250 structures for each λ simulation, except for the λ = 0.15 to λ = 0.85 simulations of CGAG → iCGAiG (∆Gº 3 , imino) transformations, which had 750 structures.
For each structure, a single-point energy calculation was done and individual terms were extracted from these calculations. A sample data set for each λ simulation was created this way. Mean and standard error of mean were calculated for each sample set. The sample data set was divided into 3 parts, and the group averaging method was used to get the standard error of mean. Table 4 of the paper shows the results of this decomposition method.
S.7. Energy Decomposition -Method 2:
To give a physical sense to the alchemical transformations, the free energy was decomposed according to eq S2. The terms, ∆Gº RNA-env , ∆Gº HB , ∆Gº cross , ∆Gº ss1 , and ∆Gº ss2 , represent free energy changes due to the RNA-environment, hydrogen bonds within base pairs, cross-strand stacking, single strand 1 stacking, and single strand 2 stacking, respectively. ∆Gº other is the total free energy change due to the alchemical transformations of the individual bases. Table S9 shows the detailed results of this decomposition method.
Each of these free energy terms was calculated with the TI Approach using the same structures extracted from the trajectory files as used for Energy Decomposition Method 1. This means that for each
was calculated, where <…> λ is the ensemble average of the derivative of the hybrid Hamiltonian H(λ) with respect to λ, H A and H B are the Hamiltonians of the initial and final states, respectively, and f(λ) is the new mixing function defined in eq 8. For simplicity, the following equation is used in the following descriptions:
The term ∆Gº RNA-env gives a rough estimate of the free energy change due to the interactions of the RNA with both water and sodium ions in the alchemical transformations. 
In the single point energy calculations, the boundaries for H all and H vac calculations were the same.
The new mixing rule with k=6 (icfe=2 and klambda=6) was used in all the TI calculations. Therefore, the derivative of f(λ) with respect to λ is as follows: HB stands for Hydrogen Bond and this term gives a rough estimate of the free energy changes due to the change in the base-pair hydrogen bonding for the base pairs involved in alchemical transformations.
The following equations are used in eq S4: 
That is, to calculate ∆Gº HB of the alchemical base pair transformations of GC → iGiC. H A and H B are going to be as follows: ∆Gº cross is the free energy change due to the cross strand interactions excluding hydrogen bonding in base pairs. In a duplex there are two strands. As a result, ∆Gº ss1 and ∆Gº ss2 are the free energy changes of single strand 1 and single strand 2 due to the intra-strand stacking interactions in the alchemical transformations. Both strands have the same sequence, so in principle, ∆Gº ss1 and ∆Gº ss2 would be equal for infinitely long simulations. Thus, they were added to provide the estimate for ∆Gº ss listed in Table 5 (∆Gº ss = ∆Gº ss1 + ∆Gº ss2 ).
In order to calculate ∆Gº cross , the following equation for eq S4 is used: 
Here, H duplex,initial and H duplex,final are the Hamiltonians of the duplexes of the initial and final systems, H ss1,initial and H ss2,initial are the Hamiltonians of the single strand 1 and 2 of the initial system, and H ss1,final and H ss2,final are the Hamiltonians of the single strand 1 and 2 of the final system.
In order to calculate ∆Gº ss1 and ∆Gº ss2 , the following equations for eq S4 were used: The summations include all the bases in the single strands.
S.7.4 Calculation of ∆Gº other :
Because we are decomposing the free energies of alchemical transformations, the free energy changes of the individual bases, which are the components of smallest size in the system, will dominate the free energy ∆Gº defined in eq S2 (see Table S9 ). As an example, let's say that we want to calculate the free energy change of the alchemical transformation of G → iG. Because this is an unnatural transformation, the free energy change representing this transformation is unphysical. As a result, we calculated the free energy changes of the transformations of these individual bases. Because only the closing base pairs of GC of the tandem GA loops are alchemically transformed to iGiC, there are only 4 such free energy components (residue numbers of 3, 6, 11, and 14) (see Table S9 ). Table S2 . Parameters to define isoguanosine, isocytidine and dummy atoms. Table 5 , ∆G°s s is reported, which is the sum of ss1.S. and ss2.S (∆G°s s = ∆G°s s1 + ∆G°s s2 ).
Note:
S.E.
-RNA-Environment Interaction (Environment = Solvent + ions) HB -hydrogen bonding between basepaired residues cs.S. -cross-strand stacking (includes overlap and cross-strand un-basepaired interactions) ss1.S. -single-strand # 1 stacking ss2.S. -single-strand # 2 stacking B.3 -Base # 3 alchemical transformation (G to iG or C to iC) B.6 -Base # 6 alchemical transformation (G to iG or C to iC) B.11 -Base # 11 alchemical transformation (G to iG or C to iC) B.14 -Base # 14 alchemical transformation (G to iG or C to iC) Diff -(imino -sheared) Table S13 . An example of the parameters used in the CGAG → iCGAiG imino transformation for λ=0.5 Molecular Dynamics simulation. 
